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Abstract 
In this paper a non-destructive. contactless jree-space 
method is used for mearurement and monitoring of 
cement-hased materials' properties. The propagation 
factor, penetration depth and reflection and transmission 
cvefjcienb of lhhe plane wave, inkrading with the high 
lossy specimen, is analysed. Results of the measurement 
and monitoring of cement-based materials properties 
during aN stages of their lives and different curing 
conditions are presented. The expected applications of the 
results for propagation modelling are discussed. 
1. Introduction 
Cement-based materials (cement paste, mortar, 
concrete etc.) are widely used in many structures of the 
construction industry. Knowledge of dielectric properties 
of such materials is important in propagation-related 
research for example. microwave propagation modeling 
to dcvclop indoor wirclcss communication systcms [ 1,2]. 
This is because the reflection and transmission 
characteristics of building walls etc are governed by these 
dielectric properties. Tt is known that dielectric properties 
of cement-based materials change during the semice time. 
The water-to-cement ratio is one of the most influential 
factors in determining the dielectric properties of cement- 
based materials. During the hydration process the water 
and cement molecules chemically combine into a binder, 
transforming the initial free water into bound water, 
consequently, dielectric properties of the material change. 
Rcccnt invcstigations [3] havc dcmonstratcd thc 
capability of microwaves to detect the state and degree of 
chemical reaction (hydration) in cement-based materials. 
It was shown a strong correlation between the nngnitude 
of the reflection coefficient of microwave signals and the 
water-to-cement ratio of cement-based materials by using 
a near-field microwave inspection technique. Although 
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the results are promising, only reflection properties of 
smooth plane surfaces of the specimen can be investigated 
by this contact method. Besides, it can't provide 
measurement of reflection and transmission properties of 
such materials in propagation-related research. By means 
of the free-space method [4,5], penetration of microwaves 
in different specimens with smooth, rough and non-plane 
surfaces and their reflection properties can be 
investigated. This method is not only non-destructive but 
also contactless. In general case, real and imaginary parts 
of the dielectric permittivity, E' and E' ', can be determined 
by meamments  of either reflection coefficient, r: or of 
the transmission coefficient, f, or of both. Reflection 
measurements require that the reference plane be well 
defined and the higher the more they are affected by the 
surface characteristics. However. they are convenient in 
some instances because the sensor can be placed on one 
side of the material. Transmission measurements have the 
advantage of providing more information on the whole 
volume, because the wave propagates through all the 
material in its path. When free space techniques are used, 
measurements are performed without the necessity for 
physical contact between the structure under test and 
sensor and in most instances there is no need for special 
structure prepamtion. Accurate measurements of r and t 
are obtained if edge diffraction, internal reflections and 
scattering effects are minimised. 
In practical applications it is vcry attractivc to 
determine the dielectric properties of the materials by 
using only amplitudes of the reflection and transmission 
coefficients [6]. 
In this paper a non-destructive, contactless free- space 
method is used and results of the measurement and 
monitoring of cement-based materials properties' are 
presented. First, the propagation factor, penetration depth 
and reflection and transmission coefficients of the plane 
wave interacting with the cement-based specimen has 
been analysed. It is shown that their complex dielectnc 
pcrmittivity can bc dctcrmincd by mcasuring thc 
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amplitudes of reflection and transmission coefficients, I r I 
and I t [  respectively. via free-space method and 
numerical calculation. Next, a description of the used 
modified free-space method is given. Then. results of the 
mcasurcmcnt and monitoring of ccmcnt-bascd matcrials' 
properties during all stages of hydration process and 
different curing conditions are presented. Finally, the 








Fig.1. Typical situation in the measurement of the 
permittivky of a material using the free-space method. 
2. Theoretical Foundations 
A typical situation in the measurement of the 
permittidy of material using the free-space technique is 
shown in Fig. 1. 
The wave travels from the radiating antenna to the 
receiving antenna through the two media of the air and 
sample. Reflection occurs at the interfaces of the air- 
sample I and multiple reflections occur between each 
sides of the sample. The reflection coefficients are 
denoted by rt2 at I, rZf at 11, r:3 at I11 and the transmission 
coefficients are denoted by f t 2  at I, t z j  at 11 and t23 at HI, 
respectively. Using the ray-tracing method, the total 
reflection coefficient can be mritten as 
where 
In the foregoing equations w, &, d, E and are the 
frequency of the incident wave, the wavelength in free- 
space, thickness, dielectric permittivity and permeability 
of thc matcrial, rcspcctivcly, ,U, =l. 
Whcn thc cquation (1) is simplified, wc gct 
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by regarding the following well-known equations in (5). 
( 5 )  
9 1  = -42," = -42 
t2] = l+rzI = 1-q2 
tI2 = 1 + r,, 
As a result reflection and hammission coellicients can be 
expressed as 
(7) 
For high-lossy materials, the expressions for r, a and t 
can be simplified. We assume that the sample has large 
enough attenuation that the multiple reflections between 
the two surfaces of the sample can be neglected. 
According to this assumption, only thc first tcrms of thc 
geometric series are sufficient to represent the reflection 
and transmission coefficients. When this is the case, r and 
t are written as 
r =q2  
The penetration depth is defined as the distance from 
the surface of the material at which the power drops to l /e 




In experimental techniques, the amplitudes of 
reflection and transmission coefficients Irl and ltl are 
measured in decibels defined as 
T = -20 log It1 ~ R = -201oglrl (11) 
From the above expressions, it is seen that R and T are 
functions of permittivity. That is, 
R = R(E',E") (12) 
T =T(E',&'? 
For given measurement values of the amplitudes of the 
reflection and transmission coefficients (&eo and Tmeo), 
we can obtain the constant value lines of the reflection 
and transmission coefficients expressed by CR and CT: 
CR = CR(d, E ' Y  (13) 
CT = CT(&', E'?  
The lines CR and CT are different than the measured 
values R, and T,,,. Using the numerical method, the 
lines CR and CT can be obtained. The necessary and 
sufficient condition for determining the complex 
permittibiQ from the measured values of R,, and TmeO is 
that there is just one cross point between the lines CR and 
CT [6]. 
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In Fig2 the lines CR and (IT with several different 
measured values of R,,, and T,, are shown. In the 
calculaliorh Uie Iiequency f =10.38 GHL and lhe sample 
thickness d = 150 mm. 
(b) 
Fig.2. The constant value lines for the measured 
amplitudes of the reflection and transmission coefficients 
(a) CR (b) CT. 
3. Method of the measurement 
Thc invcstigations at X-band (8 - 12 GHz) arc madc 
for a variety of typical cement-based structures with 
different content, and dimensions, by the free-space 
method. The schematic diagram of the designed system is 
shown hi Fig.3. 
The microwave part of the measurement system is 
setup to determine the amplitudes of incident, reflected 
and transmitted waves as three separate parameters. The 
wave from the oscillator is used to feed the system. The 
waves, that are incident wave P,, reflected wave P, and 
transmitted wave Pt are used to measure the transmission 
and nflcction cocfficicnts. 
As is Seen from the figure of the setup, the sample can 
be placed between two hom antennas. The distance 
between the two antennas is adjusted according to the fact 
that maximum amount of wave should be received by the 





Schematic diagi 'am of 
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the measurement set up. 
The electromagnetic wave coming from the oscillator 
is transmitted through a rectangular waveguide. Similarly; 
in the receiving pm,  Uie received wave collecled by Lhe 
receiving antenna is also transmitted through a rectangular 
waveguide. There are two directional couplers in the 
transmitting side. They are used for detecting the 
amplitudes of the incident and reflected waves. 
The reference wave, reflected wave and transmitted 
wave are measnred to determine I r I and I t 1. The 
reference levels of I r I is set as 0 dE3 for full reflection and 
the I tl is set as 0 dB for free space. For example. the 
detector output in the reflected arm is propqrtional to / I p -  
p I r l2, and the constant of proportionality p have been 
found by using the metal plate. 
Reflectioii coefficients for oblique incidence have been 
measured, too. They also will be calculaled by using the 
same formulas. Then measured and calculated data will be 
compared to obtain empirical formulas or numerical 
methods for determination of the cement-based structure 
properties. 
4.Results 
Several cubic mortar and concrete specimens with 
different water-to-cement ratios were produced. 
Measurements of their reflection and transmission 
properties from all sides mith different conditions were 
conducted daily during 28-day curing period at several 
frequencies of X-band (8 - 12 GHz). 
For example, Fig. 4 shows the results of the daily 
measurements of I r I at 10.380 GH7 for two mortar 
specimens with different water-to-cement ratio (I - TV/C = 
0.4, I1 - w/c = 0.7). Curves 1.1 and 11.1 correspond to 
sides with "wet" curing conditions, and curves 1.2 and 11 2 
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with “dry” curing conditions “Dry? uiring conditions 
correspond to the case where the measured side of the 
cement specimen is lea unshielded when measuremenl 
process is not carried out. In this case, fast evaporation 
takes place. For “wet” curing conditions, the measured 
side of the specimen is enclosed when measurement 
process is not carried out. Therefore, “wet” curing 








Fig.4. Amplitude of the reflection coefficient, I r 1 ,  of the 
two mortar specimens with different water-to-cement 
ratios over time for ”wet” (a) and “dry” (b) curing 
conditions. 
Fig. 5 shows the similar measurement results for “dry” 
curing conditions and different surfaces of the specimens. 
Curves 1.3 and 11.3 correspond to the reflection properties 
from thc top surfacc whcrcas curvcs 1.4 and 11.4 
correspond to the reflection properties of side surface of 
the specimen. Differences between the curves are due to 
the different preparing conditions 
I I I 
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(b) 
Fig.5. Amplitude of the reflection coefficient, I r 1, of the 
two mortar specimens with different water-to-cement 
ratios over time for dry curing conditions (a) side surface 
(b) top surface. 
The main results are the following: 
1) n e  values I r I in rit days or liydmtion are lugher 
for higher water-to-cement ratio specimens. 
2) They rapidly decrease during the first several days of 
hydration. This is a result of the evaporation of free water 
from cement-based specimens. Speed of this process is 
different for different sides of the specimen and depends 
on w/c ratio and curing conditions. 
3) After the first several days the measured I r /  for 
lower water-to-cenient mtio specimens are higher than 
ulose [or lugher water-to-cement ratios. This is a result or 
the influence of the bound water in the specimens. 
4) The differences between measured 1 r I for different 
sides of the cubic for lower w/c ratio specimens are less 
than for those for higher w?ater-to-cement rahos. 
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5) These differences increase during airing for the all 
ratios and depend on conditions in which the specimen is 
left to cure. 
6) The common features of measured 1 r I for the mortar 
and concrete specimens are the same. 
The transmission coefficients are very low for fresh 
ccmcnt-bascd spccimcns. Thcy changc during long tunc 
of spccimcns scrvicc livcs. Thc rcsults of thc 
measurement of transmission properties for two mortar 
specimens during their service lives between Yd and hth 
months are shown in Fig6. 
I I I I I 
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Fig.6. The transmission coefficient, T, in dB, of the two 
mortar specimens with different water-to-cement ratios 
over time. 
It was expected that T of each specimens increases 
with the decrease of water content because of desiccation 
of water 1 1. However. it can be seen from Fig6 that a 
higher transmission coefficient corresponds to higher 
water-to-cement ratio This indicates the existing 
differences between structures or densities inside the 
specimens with different water-tocement ratio. The n h  
reason can be porosity inside the specimens. It is well 
known that the higher porosity corresponds to higher 
water-cement ratio. 
Thus, the reflection measurements demonstrates the 
potential of the indication of the water-cement ratio, 
hydration and curing of cement-based specimens at early 
stages of their service lives, while transmission 
measurements show opportunities to determine water- 
cement ratio, hydration and desiccation of water during 
long time of  cement-based specimens service live. Tt 
should be noted that since the difference between the 
values of the transmission coefficients for small 
difference of water-to-cement ratio is experimentally 
measurable, these values can be used to monitor the 
water-cement ratio of hardened cement-based specimens. 
The common features of measured I r I and T for mortar 
and concrete specimens are the same. 
5. Conclusions 
Thc rcflcction and transmission propcrtics of ccmcnt- 
based (mortar, concrete) materials by using the simple and 
contactless free-space technique have been investigated. 
The measurements indicated that the reflection coefficient 
changes during rew days and Lhen it is slable. In conlmsl, 
transmission coefficient changes during all service life. 
These coefficients depend on water-to-cement ratio and 
curing conditions. It is shown that a higher transmission 
coefficient corresponds to higher water-cement ratio. 
Since the difference between the values of the 
transmission coefficients for small difference of water- 
ccmcnt ratio is cxpm”ntally mcasurablc, thcsc valucs 
can be used to monitor the water-cement ratio of hardened 
cement-based specimens. These results can give useful 
information for propagation-related research. for 
example, microwave propagation modeling to develop 
indoor wireless communication system. 
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